We evaluate whether the description of the species area relationship (SAR) can be improved by using richness estimates instead of observed richness values. To do this, we use three independent datasets gathered with standardized survey methods from the native laurisilva forest of the Azorean archipelago, encompassing different distributional extent and biological groups: soil epigean arthropods at eight forest fragments in Terceira Island, canopy arthropods inhabiting Juniperus brevifolia at 16 forest fragments of six different islands, and bryophytes of seven forest fragments from Terceira and Pico islands. Species richness values were estimated for each forest fragment using seven non-parametric estimators (ACE, ICE, Chao1, Chao2, Jackknife1, Jackknife2 and Bootstrap; five in the case of bryophytes). These estimates were fitted to classical log-log species-area curves and the intercept, slope and goodness of fit of these curves were compared with those obtained from the observed species richness values to determine if significant differences appear in these parameters. We hypothesized that the intercepts would be higher in the estimated data sets compared with the observed data, as estimated richness values are typically higher than observed values. We found partial support for the hypothesis -intercepts of the SAR obtained from estimated richness values were significantly higher in the case of epigean arthropods and bryophyte datasets. In contrast, the slope and goodness of fit obtained with estimated values were not significantly different from those obtained from observed species richness in all groups, although a few small differences appeared. We conclude that, although little is gained using these estimators if data come from standardized surveys, their estimations could be used to analyze macroecological relationships with nonstandardized observed data, provided that survey incompleteness and/or unevenness are also taken into account. 
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Introduction
One of the strongest patterns observed in ecology is the relationship between the number of species and area, the socalled species-area relationship (SAR) (e.g., Rosenzweig, 1995 Rosenzweig, , 2003 Lawton, 1999; Ricklefs and Lovette, 1999; Gaston and Blackburn, 2000) . However, there is no consensus about the formulation of SAR models and the intercept and slope of the fitted models in each particular scale and study system (He and Legendre, 2002) . For example, several mechanisms have been proposed to generate SAR (see Rosenzweig, 1995; Borges and Brown, 1999; Turner and Tjørve, 2005; Whittaker and Ferná ndez-Palacios, 2007) , each of them making different predictions about SAR behavior. In addition, the scale used to measure SAR also has an effect on the parameters and predictive power of the models (Palmer and White, 1994; Crawley and Harral, 2001; Palmer, 2007 ; J. Hortal, K.I. Ugland, P.A.V. Borges and R.J. Whittaker, unpublished) .
Uncertainty is an essential component of the measurement of any biodiversity descriptor, and the source and degree of uncertainty varies according to the data of origin and the purpose of the analyses (Hortal, 2008) . Species richness is usually measured as the observed number of species in a given area. However, it is extremely difficult to obtain a complete inventory of the fauna or flora at a given place, and biodiversity data commonly suffer from heterogeneity in sampling strategies and/or sample size, as well as from survey unevenness (see discussion in Hortal and Lobo, 2005; Hortal et al., 2007 Hortal et al., , 2008 Lobo et al., 2007) . Because of this, sampling success is not always the same in all the surveyed areas, leading to potentially important biases in the proportion of the total number of species that are inventoried in each place. The way species richness is measured might affect SAR, due to sampling effects and survey unevenness (see, e.g., Rosenzweig, 1995; Barnosky et al., 2005; Ouin et al., 2006) . Therefore, SAR models might not be useful if richness figures are biased due to sampling unevenness (Rosenzweig, 1995) , because the largely unknown errors associated with observed richness could have an impact on the slope and goodness of fit of SAR models based on empirical data (see Turner and Tjørve, 2005) .
A possible way to minimize sampling biases is to estimate the number of species at each site (Colwell and Coddington, 1994; Gotelli and Colwell, 2001; Hortal et al., 2004; Walther and Moore, 2005) . Richness estimators may correct sampling bias and adequately estimate species richness at each site, improving the ecological models obtained with these data (e.g., SAR models), even in studies where a proper standardized sampling program was applied. Several SAR studies have applied species richness estimators to correct for sampling bias (e.g., Smith, 2001; Oertli et al., 2002) . Here, Cam et al. (2002) showed that the slopes of SARs based on observed species numbers are steeper than those of curves based on estimates of richness; they suggested that these changes in slope were produced by the correction made by estimators, which will minimize the bias in observed richness values caused by undetected species. Interestingly, the biases produced by survey unevenness in predictive maps of species richness are eliminated when estimated values instead of observed numbers are used to develop the models (see Hortal et al., 2004) . Therefore, methods correcting for biases in observed richness values, such as estimators, might improve the reliability of SAR models. However, no formal test on the comparative performance of species richness estimators for SAR studies has been carried out yet.
Here, we investigate whether there is a significant gain in using non-parametric richness estimators to build SAR models with data coming from standardized surveys, as opposed to using the observed number of species (S obs ). In addition, we aim to ascertain if the SAR models obtained from estimated richness scores differ significantly from those built from observed data. More precisely, we test if the use of estimated instead of observed richness values either improves the goodness of fit or alters the intercept and slope of SAR models. For this comparison, we use several non-parametric estimators that can be easily calculated using available software (e.g., EstimateS -Colwell, 2006 ; Species Diversity and Richness - Henderson and Seaby, 2006) . We test three hypotheses:
(i) the intercept of the SAR models built from species richness estimators will be higher than when built from observed data, when the estimated richness values are typically higher than the observed ones; (ii) the slope of the SAR will be different when calculated from observed and estimated richness values; if, according to Cam et al. (2002) , the richness of small areas is underestimated by the surveys (due to a sampling problem caused by the difficulty of detecting rare species), the SAR based on observed number of species would be the steeper of the two; if, on the contrary, the increments between observed and estimated richness provided by the estimators are comparatively higher in richer places, the SAR based on estimated values would be the steeper; (iii) the goodness of fit will be higher in SAR models based on estimated species richness than in models based on observed values, due to their higher precision (i.e., fewer random errors, see Walther and Moore, 2005) in the estimates of species richness per site and in the relative magnitude of variations in species richness between sites.
We used three independent datasets from different islands in the Azores archipelago, in the eastern Atlantic Ocean, to test these hypotheses: epigean arthropods in reserves of different sizes in Terceira Island; canopy arthropods on an endemic Azorean tree (Juniperus brevifolia) in reserves in several islands with a difference in cover of the target plant; and soil and rock bryophytes in reserves of different sizes in Terceira and Pico.
Methods

Biological datasets
We used three datasets from two large inventory projects which used standardized sampling protocols to describe the spatial variation of species diversity of arthropods and bryophytes at the Azores. This archipelago is included in the Borges et al., 2005 Borges et al., , 2006 Ribeiro et al., 2005; Hortal et al., 2006) . Bryophytes were also surveyed in several of these areas using standardized sampling protocols (see Gabriel and Bates, 2005) .
Dataset 1 (EAR): epigean arthropods in reserves of Terceira Island
We used the eight native forest fragments surveyed by BALA in Terceira. Transects (150 Â 5 m) were randomly placed within these fragments of protected native forest areas. The number of transects per forest fragment was established using a logarithmic scale, assuming a SAR with a slope (z) of 0.35 in a log-log scale (i.e., a 10 fold increase in area implies a doubling in the number of species): placing one transect in 1-ha fragments, two transects in 10-ha fragments, and so on. Consequently, larger reserves received higher sampling effort (i.e., ''proportional sampling''); such a protocol is intended to capture not only ''area per se effects'' but also spatial beta diversity that prevails in larger areas ; unpublished data; see also Schoereder et al., 2004) . The forest fragments sampled include a large protected forest area (''Serra de Santa Bá rbara e Misté rios Negros'' that is included in NATURA 2000 European Community Conservation scheme) sampled with eight transects, three medium-sized forest fragments sampled with four transects, three small fragments sampled with two transects and one 3-ha fragment sampled with a single transect (Table 1) . Transects were allocated by randomly selecting the starting points in a map, regardless of accessibility (though excluding cliffs), and then randomly selecting the direction of the transect in the field. In each transect the same number of samples was set up to sample epigean arthropods: 30 pitfall traps set in the ground for at least a 2-week period during the summer (see details at Borges et al., 2005) . Additional survey techniques were used in these transects to sample canopy arthropods (see Section 2.1.2).
Dataset 2 (CAJ): canopy arthropods in Juniperus brevifolia trees
We used data for 16 native forest fragments from six islands ( Table 2 ). These forest fragments were surveyed during BALA, following the area-dependent proportional sampling design described in Section 2.1.1 to allocate transects in each forest fragment. At each transect, 10 replicates of the three most abundant and most common woody plant species (trees and shrubs) were sampled in a standardized way: one branch of each of the most common species was sampled at a 15-m interval along the transect. Usually, three plant species were clear dominants, but sometimes fewer than three woody plant species were present, so the survey was restricted to these species (see Ribeiro et al., 2005 for details) . Due to this, we used only the arthropod community in the canopy of the most common tree species (Juniperus brevifolia) to avoid habitat diversity effects. The area available for this community was estimated as the number of samples taken on J. brevifolia canopy available per forest fragment. Since the selection of a plant for surveying implied that it constitutes an important part of the canopy in the transect, if the plant was surveyed in many transects, it probably has a wide distribution and abundance in a particular forest fragment. Thus, the number of samples per fragment can be taken as a surrogate of the ''habitat area'' available for the canopy arthropod fauna.
Dataset 3 (BD): bryophyte dataset
Moss and liverwort communities were surveyed in several habitats of seven native forest fragments from two islands (Terceira and Pico). For this work we used only data from soil and rocks, equivalent to the habitat of epigean arthropod communities. A proportional sampling approach was also used, with larger forest fragments receiving more samples. However, the rate of species accumulation with area is smaller in bryophytes than in arthropods (see Gabriel and Bates, 2005 , and Section 4), so the number of transects per fragment was set up according to the following model:
. The number of samples taken ranged from 10 to 40 (Table 3) . As more samples than necessary were available for some of the forest fragments, we randomly 
eliminated some of them, selecting equivalent numbers of soil and rock samples. Each sample consists of a small quadrat (30 Â 30 cm). From each quadrat, the abundance of each species of bryophytes and other plants (macrolichens and vascular plants) was recorded, using a scale with 10 classes of percentage cover (see Gabriel and Bates, 2005) . However, percentage cover is not a direct measure of abundance, so for this dataset we used only presence-absence data and tested only incidence-based estimators, to avoid violating the assumptions of abundance-based estimators.
Data analysis
We tested seven non-parametric estimators available in EstimateS 8.0 software (Colwell, 2006 ; available at http://purl.oclc. org/estimates) to estimate species richness (S est ) in alternative to the observed number of species (S obs ) in the SAR models: ACE, ICE, Chao1, Chao2, Jackknife1 (Jack1), Jackknife2 (Jack2) and Bootstrap (see Colwell and Coddington, 1994; Gotelli and Colwell, 2001; or Hortal et al., 2006 for more details on these estimators and their performance). We used small grain sizes (i.e., the way sampling data is grouped) for the analyses (individual traps for epigean arthropods, individual canopy samples for canopy arthropods, and individual quadrats for bryophytes) because it produced the most precise and unbiased estimations with the estimators used (see Hortal et al., 2006) . S est figures were calculated as the average of 100 randomizations. According to the Coleman test for heterogeneity (see Colwell and Coddington, 1994) , all matrices were derived from a homogeneous (stable) community, so heterogeneity was expected from unsystematic (random) sampling errors. We used the power law function (the most commonly used model) to describe SAR: S ¼ cA z , expressed as a log-log model: log 10 Y ¼ c þ zlog 10 X, where Y is the response variable species richness (S ), and X is the explanatory variable number of units of area (A). The parameters are: the intercept (c), a fitting coefficient or estimated number of species per ''unit'' area; and the slope (z), that indicates the rate of species number increasing with area. The exponential model, often used by botanists (Rosenzweig, 1995) showed no relevant improvement for bryophyte data. Thus, we applied the log-log function to all three datasets, and the parameters of SAR models were obtained using least squares linear regression.
Our three hypotheses were tested by assessing whether the intercept, slope and goodness of fit differed between the regression models obtained from either observed or estimated data. For example, to assess if SAR functions created from estimated richness values would show a different slope from that obtained with empirical data (our second prediction), the slope of a SAR model from S est was considered different than the slope obtained from S obs if their estimates were significantly different in a two-tailed t-test. The other two hypotheses were tested in the same way, by comparing the intercepts (c) and coefficients of determination (r 2 ) and the overlap of their confidence intervals.
Results
The estimated richness values were different (and higher) than the observed ones, although the magnitude of these differences varied widely among estimators and cases (Tables  1, 2 and 3 ). These differences caused significant increments in the intercept in the EAR and BD datasets for almost all estimators, although no significant differences were found in the CAJ dataset (Table 4) . Importantly, the slope of SAR models for S obs and S est were quite similar in the three datasets (Table 4) . In fact, significant differences in the slope of SAR models obtained with observed and estimated richness appeared only in five cases, four of them showing poor goodness of fit values. The SAR model obtained using ACE estimator in the epigean arthropods dataset was the only one showing a slope significantly smaller than that obtained with S obs while retaining a significant goodness of fit, although such goodness of fit was similar (albeit smaller) to the one obtained from observed values. Four other SAR models based in S est did show a significant decrease in slope (Chao1 and Chao2 in the Epigean Arthropods dataset and ICE and Chao2 in the Ground Bryophytes dataset), but these models showed no significant relationship between estimated values and area (Table 4) . In general, z values were always smaller for S est in EAR and BD datasets, although these differences were not significant. No slope differed significantly from the observed in CAJ, but in this case some slopes were steeper than the S obs slope (0.35) (their average z value [0.37] was also higher) ( Table 4 ). The dispersion of the data points in the SAR models obtained from S est was smaller that from S obs in some estimators for the two arthropod datasets (Fig. 1) . Thus, some estimators (Jackknife 1 and 2 and Bootstrap) produced slightly better fits than that obtained with S obs . However, improvements in r 2 were never significant, and all estimators performed worse than the observed values in the bryophyte dataset (sometimes with significantly smaller fits; Table 4 , Fig. 1) . Nevertheless, although all SAR models obtained from observed data were significant, some models calculated from S est were not (Table 4) .
Discussion
Our analyses show that using estimated instead of observed richness values can significantly alter the intercept of SAR models, but it does not produce significant changes in the Table 4 -Parameters, coefficient of determination and significance of SARs based on the observed species richness (S obs ) and species richness estimators for three different datasets. As ACE and Chao1 need abundance data, they have been excluded from the presence/only Bryophyte dataset. c and z are the intercept and slope of the SAR models; r 2 and p measure the goodness of fit of these models. SE is the standard error in the estimation of c, z and r 2 , and t is the result of a two-tailed t-test comparing the differences in the intercept, slope and goodness of fit between SAR models developed with estimated and observed richness; *p < 0.05, **p < 0.01, ***p < 0.001 
slope and goodness of fit of SAR models, at least when data come from standardized surveys. Therefore, while we accept our first hypothesis (intercepts will be higher in SAR models calculated from estimated data), we reject our second and third hypotheses (there will be consistent changes in slope and significant improvements in the goodness of fit of the models). When important changes in slope occur, they are associated with unreliable SAR models (except in one case). Some slight changes in slopes occur in good models developed from estimated values, but not in a consistent way: although most estimators result in smaller z values (as expected), some were steeper in the CAJ dataset (Table 4) . Moreover, no estimator outperformed the fitting of SAR models based on observed data; although some estimators (the two Jackknives and Bootstrap) produce slight improvements for both arthropod datasets, they were not significant (Table 4) . On the contrary, some estimators produced unrealistic estimated values. Some authors have argued that the rate of increase in species richness with area can be overestimated if data on the observed number of species is used (Cam et al., 2002; Turner and Tjørve, 2005) ; thus, lower slopes would be expected when SAR is calculated from richness estimates. Such a prediction is made on the assumption that the relative effect of undetected species in the richness estimations will be higher in places with smaller observed richness values, because it is more difficult to describe the distribution of abundances in the whole community in places with fewer species (see Cam et al., 2002) . Although some of our results might give some support to these ideas, others do not (CAJ dataset), and, more importantly, the possible improvements provided by richness estimates are not enough to produce significant changes in the measured slope of the SAR.
Are our results context-specific, or can they be extrapolated to other cases? The slopes (z) of SAR models differed between the three datasets studied: arthropod datasets presented steeper slopes than bryophytes, and within arthropods CAJ fauna presented a higher species replacement than EAR (Table 4 , Fig. 1 ). In spite of their high local richness (see also Gabriel and Bates, 2005) , Azorean mosses and liverworts show low b-diversity levels; important increments in area do not result in significant increments in species richness, as expected due to their high colonization ability. Arthropod communities also follow two well known empirical patterns, that is, low slopes for forest fragments within an island (EAR dataset), as expected for 'islands' of similar habitat within continental areas, and high slopes for fragments across islands (CAJ dataset), following a typical oceanic archipelago z value around 0.35 (see Rosenzweig, 1995; Whittaker and Ferná ndez-Palacios, 2007) . Therefore, the SARs we used as examples constitute a representative sample of the most commonly found relationships between richness and area.
Our results mean that there is no significant gain in using estimators for SAR studies when data come from standardized studies. However, they also indirectly imply that, a priori, SAR models obtained from estimated data might not be different from the true SAR that would be obtained if the actual richness in each land patch was known. This has important implications for the utility of species richness estimators as a mean of data standardization. The potential advantage of species richness estimators is that they might provide unbiased richness values, eliminating the effect of uneven sampling effort (see Hortal et al., 2004) . However, they present some critical problems, such as the lack of stabilization with increasing sampling effort (Hortal et al. 2006 ) and our lack of knowledge on how close their estimates are from true richness values. Also, biodiversity data are often biased and uneven . A number of sampling artefacts are likely to arise according to the kind of organisms surveyed and the design of the study. Such data unevenness often results in a picture of richness patterns different than the actual one.
If surveys follow a standardized protocol designed to avoid (i) biases in the effort invested in different places (and not the number of individuals surveyed) and (ii) misrepresentation of some geographic areas or ecological conditions, sampling artefacts are minimized (see Schoereder et al., 2004; Hortal and Lobo, 2005; Borges et al., 2005; Funk et al., 2005; Hortal et al., 2007) . This is the case with the datasets used here and many other standardized ecological datasets, where sampling effort is not uneven. In our case, the spatial design of the surveys (i.e., the number of sampling plots per forest fragment) accounts for differences in area, and the effort devoted to each sampling plot is constant. Due to this, observed richness values are a realistic picture of the actual richness patterns; thus, neither significant changes in the slope of the SAR nor model fitting improvements (maximum gain in r 2 was 0.6) appear when estimators are used. This does not mean that richness estimators are not worth using in any case. If survey design or sampling effort has been uneven, the picture of richness patterns offered by observed data might be unrealistic, and estimated values are a necessary step to obtain reliable models of the species-area or any other ecological relationship. This will change the magnitude of the richness scores analyzed (i.e., increase richness scores and also the intercept of the SAR), but will result in more reliable descriptions of the slope and explanatory power of the actual SAR. In this case, a previous assessment of the quality of the data and its spatial coverage within each of the studied land patches (as developed in Hortal and Lobo, 2005; Hortal et al., 2007 Hortal et al., , 2008 ) is needed to ascertain if the observed picture of species richness is reliable enough for the estimators to provide reliable richness values (Hortal et al., 2004) .
Concluding remarks
All measures of the diversity of biological assemblages, such as richness, have their own sources of uncertainty, which must be acknowledged and taken into account when analyzing these data (Hortal, 2008) . When studying speciesarea relationships, we recommend careful thought about the origin of the data used, its potential drawbacks, and the treatment needed. If data comes from standardized surveys, it can be assumed that observed richness provides a good picture of the actual distribution of richness in the studied dataset, and therefore SAR based on the observed data would be preferred. The same can be true for local checklists of natural areas or islands gathered from exhaustive surveys (see Hortal, 2008) . If, however, data come from nonstandardized sources and/or non-exhaustive surveys, species richness estimators could provide a means of standardizing these data in order to obtain comparable richness values, provided that the possible biases and drawbacks in these data have been investigated, and their effect on richness estimates is likely to be negligible.
